). All annotations were reviewed manually using a combination of the 1 7 4
Mutalyzer and Variation Viewer web services. This structured test set would allow us 1 7 5 to deeply evaluate variants across different classes, effects, and genomic features. Using the analysis flowchart summarized in Figure 4 , we compared the annotations 1 7 8 generated by VR, VEP [9] and SnpEff [8] to the ground-truth test set (Additional File 1: 1 7 9 Table S4 ). VEP and SnpEff accept VCF as input files; at the time of analysis, the VR 1 8 0 API was limited in its functionality in processing large VCF files. Input HGVS 1 8 1 expressions were also required for Mutalyzer, but we did not assess this tool because 1 8 2 it was used to construct the ground truth set. We compared only annotations made on 1 0
For variants in our ground-truth set, SnpEff and VEP exhibited comparable accuracy 2 0 9 and precision. At the coding level, SnpEff, VEP and VR annotated between 80% and 2 1 0 85% of substitutions correctly (out of 65 and 68), compared to 100% of substitutions 2 1 1 for VR (out of 55). For deletions and insertions, VR performed poorly largely due to 2 1 2 systematic errors in reporting. VR incorrectly described all but two deletions as indels. The remaining two annotations diverged from HGVS guidelines by omitting the 'del' 2 1 4 designation altogether (e.g. c.2199-1301GA>A) (PTV062, PTV067, Additional file 1: 2 1 5 Table S5 ). Duplications were also annotated as indels, but with technically equivalent 2 1 6 (and redundant) nomenclature (c.1961dupG as c.1960delCinsCG ). Such VR errors at 2 1 7 the coding level led to inaccurate protein syntax for 18 variants. We tested the ability of the tools to discriminate between the genomic reference and 2 2 0
RefSeq transcript sequences, both of which are independently curated by the NCBI 2 2 1 [27] . Since RefSeq transcripts typically receive a high level of manual review, conflicts 2 2 2 between the RefSeq and genomic sequence often reveal an error in the latter. For this 2 2 3 reason, we included nine test instances of RefSeq-Genomic differences in our ground were identified by either VEP or SnpEff (Additional file 1: Table S5 ), and were 2 2 6 erroneously reported as missense or deletion variants. While VR correctly identified 7 2 2 7 out of 9 RefSeq Genomic differences (the remaining two variants were not 2 2 8 annotated), it mistakenly called differences for an additional 22 variants, indicating a poor precision for recognizing true differences. HGVS expressions should always 2 3 0 reflect the base on the relevant genomic or transcript sequence to avoid asserting 2 3 1 variants at positions where there is no change. which are variants present in consecutive bases, also known as multinucleotide 2 3 5 variants (MNV) (Additional file 1: Table S6 ). Dinucleotide substitutions are highly 2 3 6 prevalent in cancers associated with clear mutagen exposures such as melanoma, lung 2 3 7 adenoma and lung squamous cell carcinoma [28] . Similarly, treatment by the 2 3 8 chemotherapeutic agents cisplatin and meclorethamine have also been shown to cause 2 3 9 dinucleotide substitutions at appreciable rates [28] . VR incorrectly annotated the phased 2 4 0 dinucleotide substitutions as frameshift variants (PTV044, PTV068). We found that 2 4 1 MNVs must be phased in the VCF, as the tools annotated adjacent but independent 2 4 2 substitutions in the VCF separately instead of as a pair. For example, two BRAF the combined result would be p.V600K. These results indicate that for cancers with a 2 4 5 high mutation load, prior phasing for dinucleotide pairs will be especially crucial to To complement the analysis of protein and coding annotations, we also assessed the 2 4 9 variant effects predicted by the tools. Predicted effect is commonly used for 2 5 0 evaluating pathogenicity during variant interpretation [30] . In instances where a 2 5 1 variant could be associated with two functional consequences (for example, as intronic but also at a slice acceptor site), the annotation was considered to be correct 2 5 3 if one association was described. Overall, the accuracy of effect prediction correlated highly with that of protein annotation (Additional file 1: Figure S1 ) even if they are 2 5 5 calculated independently [8] ). Compared to coding and protein syntax, efforts among 2 5 6 1 2 tools to converge on a standardized set of variant effect annotations were far more 2 5 7 evident (Additional file 2: Figure S1 ). Having established baseline accuracy for automated syntax generation, we sought to 2 6 1 assess the syntax concordance of these tools with those in public datasets. We tool, we did not include it in subsequent annotation assessments (Additional file 1: Table S7 ). Approximately 10% of transcripts in the ClinVar dataset had different versions from 2 7 2 those in our input transcript alignment file, which was used to build resources for both were not represented in the alignment input at all. Because of these discrepancies in 2 7 5 transcript accession and versions, we could not assess the SnpEff or VEP the input transcript set. Overall concordance for both SnpEff and VEP was remarkably high, which can be 2 8 0 attributed to the large proportion of SNVs (Figure 5b) . At the coding level, both SnpEff 2 8 1 and VEP yielded nearly perfect concordance for SNVs, matching the exact ClinVar 2 8 2 nomenclature for over 99.9% of the SNVs (Figure 5a , Additional file 2: Figure S2b ). In 2 8 3 rare instances of error, SnpEff and VEP were typically incorrect by one base 2 8 4 (Additional file 1: Table S8 ). Exact concordance was lowest for variants annotated as higher for deletions and indels (between 86 and 88%). There were 25 instances in Table S9 ). In 2 9 2 five of these cases, this type of error also resulted in the incorrect protein syntax. As with the ground truth test set, we observed greater variation in protein syntax 2 9 5 (Table 1) . This was mostly evident for deletions, duplications, and insertions, where 2 9 6 between 16 to 78% of annotations were reported correctly but with alternative 2 9 7 nomenclature (Additional file 2: Figure S2b ). Overall concordance was again high for 2 9 8 SNVs (99%), with 75% and 83% exact nomenclature for SnpEff and VEP. However, 2 9 9 neither VEP nor SnpEff performed as well on deletions, duplications and insertions 3 0 0 (between 76.3% and 94.4% overall concordance). For non-SNV variant types, our 3 0 1 results show that between 60-70% of annotations output by these tools do not match and relevant information about their prognostic and therapeutic significance. We COSMIC, currently the largest public resource of somatic mutations in human cancer 3 3 0
[32] that is also widely used by clinical laboratories. Again, we did not include VR in Ensembl transcript alignments. We queried a total of 3,075,504 coding COSMIC variants. Following normalization and required left justification (Additional file 1: Table S2 ). We compared syntax annotation tools, and HGVS, all use the three-letter convention, we converted the 3 4 4 COSMIC annotations to three-letter amino acids to facilitate annotation comparison. At the coding level, VEP recapitulated the exact syntax as COSMIC for 85.9% of the 3 4 7 total variants, compared to 76.8% of variants by SnpEff, with less than 1% of 3 4 8 equivalent syntax for both tools (Figure 5b) . However, the majority of the COSMIC dataset are SNVs (95%); for variant types other than SNVs, neither VEP nor SnpEff insertions, resulting in nearly complete discordance for variants of this type. We did 3 5 3 not assert the equivalency of multi-base insertions with duplications due to the 3 5 4 involvement of verifying duplicated bases in the reference transcript. As a result, none (c.569_570TC>AT vs c.569_570delTCinsAT, Table 1 ), which we assessed as Table S10 ). COSMIC variants compared to 58.4% by VEP (Figure 5b) . A large fraction of VEP 3 6 7 discordance could be attributed to VEP's annotation of all frameshifting indels as 3 6 8 nonsense variants (Additional file 1: Table S10, COSM1476431). Further, over 90% of 3 6 9 VEP alternative protein expressions were due to discrepant reporting of synonymous 3 7 0 variants as p.= compared to p.Gly35Gly by both COSMIC and SnpEff (Table 1 ).
7 1
Similar to coding deletions, nuances in nomenclature revealed distinct expressions of 3 7 2 frameshifts for COSMIC, VEP and SnpEff. For the majority of discordant annotations, the agreement between SnpEff and VEP 3 7 5 syntax suggest that the COSMIC syntax is incorrect. To verify the HGVS nomenclature 3 7 6 1 7 of these variants, we mapped the Ensembl transcript to its approximate corresponding 3 7 7
RefSeq accession through its consensus coding sequence (CCDS), since a number of (Table 1) . This is not surprising given its recent 3 8 9 transition from a research repository to a major clinical resource, although efforts to 3 9 0 comply with genomic and HGVS standards are apparently underway. expressions because of its impact on clinical interpretation. To illustrate this point, we 3 9 5 describe a frameshift variant in the PROK2 gene, which was differentially classified as 3 9 6 an exercise by two curators in our laboratory -one classifying as likely pathogenic We have described some of the remaining challenges of moving clinical sequencing we find that the transcript collection has a significant impact on the yield of relevant ClinVar or ground truth datasets reveal that approximately 10% of variants could not 4 2 7 be assessed due to discordant transcript accessions or versions. The fact that ClinVar concerning, and suggests that it remains critical to manually review the syntax when 4 5 9
reporting non-SNVs. is impractical for mining beyond internally curated information. The alternative is interrogating variants from previous reports in reliable databases or the published JY designed the study, performed the bioinformatics and data analysis, interpreted Massimo Morra for his keen eye in HGVS nomenclature. are noted as "yes", equivalent matches as "yes_m" ("yes modified") and not 5 2 0 equivalent annotations as "no". Additional file 2. 
